Background and objectives Although venous congestion has been linked to renal dysfunction in heart failure, its significance in a broader context has not been investigated.
Introduction
The role of venous congestion as a determinant of renal function was first described almost 85 years ago. In early physiology experiments on dogs, F. R. Winton showed that increasing renal venous pressure decreased both urine and renal arterial flow (1), highlighting the importance of the "trans-renal pressure gradient," a balance between mean arterial and venous pressures (2) . More recent clinical data have focused on venous congestion in heart failure (3), where central venous pressures (CVP), but not cardiac output or pulmonary capillary wedge pressures, are associated with renal dysfunction (4) . Consequently, the current concept of the cardiorenal syndrome, typically used to describe renal injury in the setting of poor arterial flow due to left ventricular dysfunction, is being modified to include venous congestion (5) (6) (7) (8) (9) and right ventricular function (10) . Whether venous congestion is similarly associated with poor renal outcomes in other populations is not known.
Venous congestion manifests as peripheral edema on physical examination and by increased CVP. Although peripheral edema can also be seen in the setting of mechanical obstruction, it usually reflects an outward hydrostatic pressure that exceeds the inward oncotic force, resulting in extravasation of intravascular fluid into the interstitial compartments. The clinical importance of peripheral edema is not well described, and is typically considered cosmetic and non-life threatening (11) . Given the emerging importance of venous congestion in renal function, we hypothesized that peripheral edema and increased CVP would be associated with a higher risk of AKI.
Using a large cohort of critically ill patients admitted to a tertiary medical center, we examined whether the presence and severity of peripheral edema on the hospital admission physical examination was associated with AKI during the first 7 days of critical illness. We also examined whether CVP measurements taken on intensive care unit (ICU) admission were associated with AKI.
Materials and Methods

Study Population
We 
Primary Exposures
In order to describe the effect of venous congestion independently of pulmonary congestion, we developed a Natural Language Processing (NLP) code based on standard clinical descriptors to identify both peripheral edema and pulmonary edema as documented in the admission physical examination (Supplemental Table 1 ). The developed code was "trained" by manual review of eight sequential sets of randomly selected discharge summaries, ranging from 50 to 100 in number. Once the code consistently achieved an accuracy rate of .90% (Supplemental Figure 1) , all reviewed discharge summaries were combined, and the code was tested on 10,000 random resamples (with replacement) of 100 discharge summaries. The histogram of bootstrap accuracy is provided (Supplemental Figure 2) . We also examined severity of peripheral edema, categorizing patients as having trace, 1+, 2+, and 3+ peripheral edema. We used CVP measurements obtained within 6 hours of ICU admission as a secondary primary exposure.
Primary Outcomes
The primary outcome was AKI during the first 7 days of ICU care, as defined by either a $0.3 mg/dl increase within 48 hours of admission or a $50% increase within 7 days of admission, or acute dialysis, in keeping with the Kidney Disease Improving Global Outcomes (KDOQI) guidelines (12) . We also explored the association of peripheral edema with AKI severity, using defined measures of creatinine increase within 7 days of ICU admission. Stage I AKI was defined as a 50% to 100% increase, stage II as a .100% to 200% increase, and stage III as .200% increase, or the initiation of acute dialysis. Following best practice guidelines, we used the admission creatinine to define "baseline" (13) . In addition, we explored the association of peripheral edema with AKI, as defined by changes in creatinine or urine output, and urine output alone, in keeping with alternative KDOQI definitions.
Covariates
Demographic information included age, sex, and race, coded as white, black, Asian, Hispanic, other, or unknown.
We identified congestive heart failure patients through NLP searching of the past medical history section of the admission examination or Elixhauser discharge coding (14) . We also used oral diabetes medication or insulin usage, along with Elixhauser discharge coding, to identify diabetic patients. All additional 27 Elixhauser discharge coding comorbidities were included as separate variables. ICU types included cardiac, surgical, cardiothoracic, and medical units. Sequential Organ Failure Assessment scores were used to indicate severity of illness. Because of the effect of hemodynamics on renal function, we also included systolic and diastolic BP, heart rate, and temperature as independent continuous variables. Admission creatinine, defined as the first available creatinine 24 hours prior to, or 6 hours after, ICU admission was used as a determinant of "baseline" kidney function. We used NLP searches of prehospital medication lists to identify angiotensin-converting enzyme inhibitor (ACE-I), angiotensin receptor blocker (ARB), statin (15) , calcium channel blocker, and diuretic usage.
Analyses
We present descriptive baseline characteristics stratified by peripheral edema. We used logistic regression to examine the association between admission peripheral edema and the subsequent risk of AKI. We adjusted for age, gender, race, ICU type, Sequential Organ Failure Assessment score, history of diabetes, congestive heart failure, hypertension, chronic pulmonary disease, peripheral vascular disease, and 24 additional Elixhauser comorbidities, admission systolic and diastolic BP, heart rate, temperature, admission creatinine, and preillness medication usage, including diuretic, ACE-I, ARB, calcium channel blocker, or statin use. In order to determine the effect of peripheral edema independently of pulmonary congestion, pulmonary edema was included as a separate variable in all analyses. We describe the incidence of AKI severity according to admission peripheral edema, and used cumulative ordinal logistic regression to describe the adjusted risk of peripheral edema with a one-step higher AKI stage using the same variables as above.
In those patients with quantifiable edema, we created indicator variables for trace, 1+, 2+, and 3+ edema, and used logistic regression to describe the adjusted risk of peripheral edema severity with AKI. In these analyses, 462 patients had peripheral edema that could not be quantified, and were excluded. Patients without peripheral edema were considered the reference category. We also describe the incidence of AKI severity according to peripheral edema severity.
In addition, in those patients with uninterrupted urine void measurements, we describe the association of peripheral edema with AKI as defined by KDOQI urine guidelines. Because we could not ascertain bladder catherization, and to avoid misclassification due to lack of recorded urine output in noncatherized patients, we required patients to have two or more urine output recordings within 9 hours (the length of a typical nursing shift.) Patients with adjacent urine output recordings .9 hours apart were considered interrupted, and were not included.
In a sensitivity analyses, in those patients with available creatinine measurements .7 days prior to admission, we used premorbid creatinine values rather than admission creatinine to account for "baseline" function in our adjusted model. The correlation between premorbid and admission creatinine values was 0.73 (P,0.001). Given that we could not distinguish peripheral edema from lymphedema, a common occurrence with obesity, we also examined the association of peripheral edema with AKI in patients with documented admission body mass indexes (BMI). To explore the association between CVP and AKI, we examined the association of CVPs obtained within 6 hours of ICU admission and subsequent AKI. We used logistic regression, using the same variables as above except for the substation of CVP for peripheral edema, to define the association of CVP with AKI. CVP was defined continuously and in quartiles. Furthermore, to account for the effect of hydration status, we included serum sodium concentrations in adjusted analysis.
We examined whether peripheral edema remained associated with AKI in patients with and without sepsis, pulmonary edema, baseline diuretic use, baseline calcium channel blocker use, and CKD, as defined by an estimated glomerular filtration rate of #60 ml/min per 1.73 m 2 upon ICU admission, as determined by the Modified Diet in Renal Disease Study Equation. We individually tested multiplicative interaction terms between peripheral edema and these variables in adjusted analysis, and provide graphical representation of the stratified risks.
Results
Baseline Characteristics
Of 12,778 critically ill patients, 18% (n=2338) had documented peripheral edema on admission. As seen in Table 1 , these patients tended to be older, with a higher prevalence of diabetes, heart failure, and pulmonary disease, but less hypertension, than those without peripheral edema, and tended to have a greater premorbid use of diuretics, ACE-Is, ARBs, and calcium channel blockers.
Peripheral Edema and AKI
The overall incidence of AKI within 7 days of ICU admission was 18.3% (n=2344), 27.0% (n=631) in those with peripheral edema, and 16.4% (n=1713) in those without peripheral edema. In adjusted analysis accounting for severity of illness (Table 2) , comorbidities, premorbid medication exposure, and admission serum creatinine, peripheral edema was associated with a 30% higher risk of AKI occurring within the first 7 days of critical Peripheral edema was also associated with AKI severity. In those with peripheral edema, 16.4% (n=308), 3.3% (n=62), and 7.6% (n=143) developed stage I, II, and III AKI, respectively, compared with 10.6% (n=1107), 2.4% (n=250), and 3.4% (n=356) in those without peripheral edema. In adjusted analysis, peripheral edema was associated with a 1.13-fold (95% CI, 1.07 to 1.20; P,0.001) higher risk of a higher stage of AKI.
Severity of Peripheral Edema and AKI
Of the 2338 individuals with documented peripheral edema, 1876 had descriptors that allowed quantification of peripheral edema; 32% (n=603), 36% (n=666), 25% (n=463), and 8% (n=144) had trace, 1+, 2+, and 3+ peripheral edema respectively, with a 25.0% (n=151), 25.1% (n=167), 31.5% (n=146), and 34.1% (n=49) incidence of AKI per increasing edema category, respectively. As seen in Table 3 , compared with those without peripheral edema, the risk of AKI was higher among patients with more severe peripheral edema. The incidence of AKI severity according to peripheral edema severity is illustrated in Figure 1 .
Sensitivity Analyses
We identified 5813 patients with a serum creatinine measured .7 days prior to ICU admission. Substitution of this premorbid creatinine rather than admission creatinine to establish "baseline" renal function did not meaningfully change the association between admission peripheral edema and AKI (Odds Ratio [OR] 1.29; 95% CI, 1.10 to 1.51; P=0.002). Of 8924 patients with uninterrupted urine measurements, AKI by urine output criteria occurred in 47% (n=4208), with 26% (n=2332) stage I, 18% (n=1647) stage II, and 3% (n=229) stage III AKI. In adjusted analysis, peripheral edema was associated with an OR of 1.61 (95% CI, 1.43 to 1.82; P,0.001) for AKI by urine criteria. Defining AKI by either creatinine or urine parameters, peripheral edema was associated with an OR of 1.50 (95% CI, 1.35 to 1.66; P,0.001). In 5971 patients with documented admission BMIs, peripheral edema remained associated with AKI risk (OR 1.48; 95% CI, 1.29 to 1.72; P,0.001) and a multiplicative interaction term between BMI and peripheral edema was not significant (P.0.05). Inclusion of admission serum sodium concentrations did not meaningfully change the results.
To examine whether the peripheral edema remained associated with AKI across a range of patients, we explored multiplicative interaction terms between peripheral edema and sepsis, pulmonary edema, baseline diuretic use, baseline Figure 2 . Across all strata, admission peripheral edema was associated with an increased risk of AKI.
Association Between CVP and AKI
A total of 4761 patients had a CVP measurement within 6 hours of ICU admission. The incidence of AKI was higher in those with CVP measurements (23%) compared with those who did not have CVP measured (12%). As seen in Table 4 , the incidence and risk of AKI was higher across increasing CVP quartiles. In adjusted analysis, each 1 cm H 2 O higher CVP was associated with a 1.02 (95% CI, 1.00 to 1.03, P=0.02) risk of AKI. The mean (SD) CVP in patients with and without peripheral edema was 11.1 (6.1) and 10.8 (5.0) cm H 2 O, respectively (P=0.01). In patients with quantifiable peripheral edema who also had a measured CVP (n=4566), the mean (SD) CVP was 10.7 (5.4), 11.5 (5.3), 11.8 (6.2), 11.9 (6.4) and 12.7 (7.3) cm H 2 O in those with 0, trace, 1+, 2+, and 3+ peripheral edema respectively (P value for trend 0.01).
Discussion
Our data extend the association of venous congestion and renal dysfunction to a significantly broader pool of patients. In critically ill patients, the presence and severity of peripheral edema on admission physical examination is associated with AKI and AKI severity during the first 7 days of critical illness. Increasing admission CVP is likewise associated with AKI risk.
Our findings add to a growing literature regarding the importance of venous congestion on renal outcomes (16) . Renal perfusion depends on the balance between arterial pressure and venous drainage, and early studies highlighted the importance of renal congestion. In one such early experiment, urine production was reduced upon raising renal venous pressure to 20 mmHg, and abolished at pressures .25 mmHg (17) . Similarly, extrinsic compression of the renal veins (18) and increased intra-abdominal pressure impair renal function (19, 20) , and the abdominal compartment syndrome is a well-described cause of renal failure (21) , which improves with decompression in some (22) but not all studies (23) .
Because peripheral edema might be a direct consequence of right ventricular dysfunction, our findings similarly raise interest in the possibility of right ventricular function as an independent determinant of renal function (10) . Animal models of right ventricular dysfunction through graded pulmonic stenosis show a decrease in renal blood flow and intense sodium retention (24) . Disorders associated with right ventricular dysfunction, such as obesity, sleep apnea, and cor pulmonale, are associated with sodium retention and AKI (25) (26) (27) . Unlike the thick-walled left ventricle, where higher filling volume leads to improved left ventricular function, as described by the Frank Starling mechanism, the thin-walled right ventricle dilates in response to increasing pulmonary pressure, as frequently occurs with chronic heart failure and primary pulmonary disease (28, 29) . Expanding into the pericardial sack and causing paradoxical septal movement, the failing right ventricle impinges on the left ventricle, decreasing its compliance and output. In an interesting preliminary study of patients with acute right ventricular dysfunction due to pulmonary embolus, diuretic therapy was associated with better renal function compared with those who received fluid (30) , prompting the design of a larger study of the utility of diuretics in acute right ventricular dysfunction (31) . Whether diuretic therapy might improve renal outcomes in those with more chronic right ventricular dysfunction has not been explored.
Clinical studies support the mechanistic association of venous congestion with poor renal outcomes. In a study of Odds ratio adjusted for age, gender, race, intensive care unit type, sequential organ failure assessment, history of diabetes, congestive heart failure, hypertension, chronic pulmonary disease, peripheral vascular disease, and 24 additional Elixhauser comorbidities, admission vitals (systolic and diastolic BP, heart rate, temperature), admission creatinine, preillness medication usage (angiotensin inhibitor converting enzyme-inhibitor, angiotensin receptor blocker, statin, calcium channel blocker, and diuretics), and pulmonary edema. 95% CI, 95% confidence interval. almost 2600 patients undergoing right heart catherization, higher CVP was associated with significantly lower baseline renal function, as well as reduced survival (32) . In hospitalized heart failure patients with hemodynamic measures of both left and right heart pressures, CVP was the strongest determinant of worsening renal function (4) . Similarly, pulmonary edema was not associated with AKI in our analysis, although selection bias might account for this observation. Our study is limited by the inability to characterize the directionality of association. It is plausible that peripheral edema reflects underlying renal dysfunction not fully accounted for using serum-based creatinine measurements. Furthermore, because worsening renal function often prompts cessation of diuretics or the administration of fluid, residual confounding by indication is possible, and peripheral edema and increased CVP might reflect previous therapeutic responses to renal deterioration. However, in analysis of those with available baseline creatinine measurements prior to critical illness admission, the association of peripheral edema with AKI remained robust.
In addition, we could not ascertain the cause of peripheral edema, which likely includes a range of pathophysiologies, including undiagnosed systolic and diastolic left heart failure and primary right-sided heart failure. Thus, residual confounding to the underlying pathophysiologic processes, rather than fluid accumulation per se, is possible. Given the difficulty in identifying subtle forms of cardiac and pulmonary disease, it is likely that the use of diagnostic codes to identify disease leads to significant misclassification. We therefore used preillness diuretic use to classify patients with sodium retentive pathophysiology, and found no significant effect modification. Furthermore, the severity of peripheral edema was likewise associated with AKI and AKI severity, supporting a dose-response association.
Given that a reduction in CVP, as might occur with volume depletion or sepsis, is likely also associated with AKI risk, we could not distinguish between the competing associations of low and high CVP on AKI risk. In addition, we could not distinguish peripheral edema from lymphedema, but in analysis of those with documented BMI, the association of peripheral edema with AKI remained robust, and the association of peripheral edema and AKI was not modified by BMI. In addition, our analytic techniques did not account for on-study care, and it is plausible that peripheral edema patients were more likely to receive potentially nephrotoxic medications, such as diuretics. Finally, although our technique of using bootstrapping with replacement to validate the script identification could be affected by resubstitution bias, our accuracy in 88% of individual subsets was close to 90%, suggesting an acceptable approach.
Our data suggests that venous congestion, as indicated by peripheral edema on physical examination or increased admission CVP, is associated with an increased risk of AKI. We cannot conclude whether venous congestion per se causes AKI, or simply reflects an underlying pathophysiology that is responsible for AKI. Whether restoration of euvolemia Within quartile incidence (%) of AKI provided. Odds ratio adjusted for age, gender, race, intensive care unit type, sequential organ failure assessment, history of diabetes, congestive heart failure, hypertension, chronic pulmonary disease, peripheral vascular disease, and 24 additional Elixhauser comorbidities, admission vitals (systolic and diastolic BP, heart rate, temperature), admission creatinine, preillness medication usage (angiotensin inhibitor converting enzyme-inhibitor, angiotensin receptor blocker, statin, calcium channel blocker, and diuretics), and pulmonary edema. 95% CI, 95% confidence interval. Adjusted for age, gender, race, intensive care unit type, Sequential Organ Failure Assessment, history of diabetes, congestive heart failure, hypertension, chronic pulmonary disease, peripheral vascular disease, and 24 additional Elixhauser comorbidities, admission vitals (systolic and diastolic BP, heart rate, temperature), admission creatinine, preillness medication usage (angiotensin inhibitor converting enzyme-inhibitor, angiotensin receptor blocker, statin, calcium channel blocker, and diuretics), and pulmonary edema (excluded in pulmonary edema stratification). eGFR calculated from admission serum creatinine concentration using the Modified Diet in Renal Disease equation.
with aggressive diuretic use might mitigate the risk of AKI will require well-designed studies.
